INTRODUCTION
============

Complete and accurate DNA replication is crucial for genetic integrity of all organisms and is initiated at hundreds of chromosomal elements called origins of replication ([@gks617-B1]). The competence of origin to initiate DNA replication during the G~1~ phase of cell cycle is orchestrated by the ordered assembly of pre-replicative complex (pre-RC) and pre-initiation complex (pre-IC) ([@gks617-B2]). Formation of pre-RC via sequential binding of origin recognition complex (ORC), Cdc6, Cdt1 and mini chromosome maintenance 2-7 (MCM 2-7) helicase licenses the origins for subsequent firing after maturing into pre-IC ([@gks617-B3]). The key determinant of replication at only once per cell cycle is separation of pre-RC formation and replication initiation into two mutually exclusive phases ([@gks617-B4]). The assembly of pre-RC ensued by targeting of ORC to specific replication origins relies on local chromatin structure and DNA topology ([@gks617-B5]).

The role of strategically positioned nucleosomes in initiation of replication is evident from (i) compromised pre-RC formation following perturbation of *ARS1* nucleosomal configuration ([@gks617-B6]) and (ii) impaired loading of MCM complex due to alterations in the nucleosome arrangement of an ectopic human c-Myc replicator ([@gks617-B7]). Further, chromatin modifications mediated by histone acetyl transferases (HATs), histone deacetylases (HDACs) and ATP-dependent chromatin remodelers also have been reported in the regulation of replication origins ([@gks617-B8; @gks617-B9; @gks617-B10]). It was found that chromatin remodeling had an important role in the functioning of yeast chromosomal origin ([@gks617-B11]) and licensing of *OriP* viral origin ([@gks617-B12]). However, the chromatin architecture of any endogenous mammalian replicator and its contribution in replication initiation is elusive till date.

Chromatin remodeling could be a key regulatory mechanism utilized by transcription factors to activate DNA replication ([@gks617-B13],[@gks617-B14]). Beyond the transcriptional-dependent functions, c-Myc is reported to have a direct role in triggering the number of replication origins, which is perhaps attributed by Myc-dependent chromatin modifications ([@gks617-B15]). Myc forms heterodimers with other members of Myc family and binds to DNA sequence CACGTG called E-box. The DNA-bound heterodimers then associate with effector protein complexes to induce histone modifications and chromatin remodeling ([@gks617-B16]).

The control of replication origins by a combination of *trans-*factors seems to confer specificity in origin selection as the origins lack consensus initiation sites ([@gks617-B17]). Further, binding of transcription factors to chromatin in G~1~ phase could facilitate efficient recruitment of pre-RC components. However, a recent study in *Xenopus* egg extract suggests that c-Myc controls a replication step in G~1~ phase that is independent of pre-RC formation but precedes origin activation ([@gks617-B18]). Albeit, the execution point for c-Myc in mammalian origins remains an enigma and is of paramount importance because *c-myc* is a frequently deregulated proto-oncogene in many cancers.

Among the 30 well-mapped human replication origins so far ([@gks617-B17]), the lamin B2 origin has been studied in detail for its dynamic molecular and topological transactions at nucleotide level ([@gks617-B19]). However, the chromatin structure and epigenetic regulation of lamin B2 origin by DNA methylation and histone modifications remain obscure. Herein, we report that cell cycle-regulated epigenetic control of E-box is mediated by active DNA demethylation via ten-eleven translocation (TET) and thymine DNA glycosylase (TDG) pathway. This further drives the temporally tuned c-Myc occupancy and its downstream histone cross talk relay events that specify the licensing of lamin B2 origin by nucleosome remodeling.

MATERIALS AND METHODS
=====================

Cell culture, reagents and antibodies
-------------------------------------

The human embryonic kidney HEK293 (ATCC CRL-1573) and human epithelial cervical HeLa (ATCC CCL2) cell lines were maintained in Dulbecco's modified Eagle's medium (Invitrogen), whereas human promyelocytic leukemic cell line HL-60 (ATCC CCL-240^TM^) was maintained as a suspension culture in Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal bovine serum (FBS). G~1~-staged HEK293 cells were obtained by serum stimulation of 48 h starved cells, and the samples were harvested every 3 h till 12 h of stimulation for fluorescence-activated cell sorting (FACS) analysis. HeLa cells were arrested in M phase by nocodazole (Sigma-Aldrich) at 50 ng/ml concentration, and mitotic shake-off was performed 16 h later. For RNA interference studies, 2 μg of shRNA (M-T) ([@gks617-B20]) was transfected using Fugene 6 (Invitrogen). Thirty-six hours post-transfection, cells were subjected to starvation for 24 h and then serum stimulated as described above to obtain G~1~-staged cells. Enforced expression of c-Myc was accomplished by transfecting 2 µg of pCGN-Myc expression vector ([@gks617-B21]) using Lipofectamine (Invitrogen) as per manufacturer's protocol. For DNMT inhibitor study, 200 µM of RG108 (Sigma-Aldrich) was added throughout the starvation and post-serum stimulation till harvesting of HEK293 cells. To induce differentiation of HL-60 cells, 1.5% vol/vol dimethyl sulfoxide was added for 48 h.

Antibodies were procured from the following sources: Santa Cruz Biotechnology for c-Myc, Max, ORC2, Cdc6, Cdt1, MCM4, GCN5, p300, HBO1, MLL1, TRRAP, TET2, Phospho-Rb, cyclin E, cyclin D1, GAPDH and IgG; Upstate Biotechnology for histone H3 K9Ac and H4 tetra-Ac (K5, K8, K12 and K16) and H3 K4me3; and TDG from Abcam.

Establishment of HEK293-MycER^Tam^ inducible cell line
------------------------------------------------------

The *c-MycER^Tam^* chimeric gene was excised as EcoRI fragment from pBabe puro construct ([@gks617-B22]) and subcloned into the pIRES2-EGFP expression vector (BD Biosciences Clontech). The c-MycER^Tam^-pIRES2-EGFP bicistronic plasmid was stably transfected into HEK293 cells using Fugene 6 (Invitrogen) to establish HEK293-MycER^Tam^ cell line using G418 selection. Cells grown in phenol red-free DMEM (Invitrogen) supplemented with 10% charcoal-stripped FBS were subjected to 24 h starvation and induced by 2 µM/ml tamoxifen citrate (Tam) (Calbiochem) for the indicated time points ([@gks617-B23]).

MNase-Southern hybridization assay
----------------------------------

Nuclei isolation was carried out as described elsewhere ([@gks617-B24]). MNase digestion and Southern hybridization were performed as described earlier ([@gks617-B25]). Southern hybridization probes were generated by polymerase chain reaction (PCR) amplification of specific primers ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)), and end labeling of probes was performed using \[γ-^32^P\] ATP and T4 polynucleotide kinase (Fermentas) as per supplier's protocol.

MNase chromatin accessibility assay based on real-time PCR assay
----------------------------------------------------------------

Mononucleosomes obtained after complete digestion with MNase were resolved on agarose gel (1.8%) and eluted using QIAquick Gel extraction kit (Qiagen). The genomic DNA thus obtained was used to perform SYBR green real-time quantitative PCR (qPCR) in triplicates with chromatin accessibility assay based on real-time PCR (CHART-PCR) primers ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). The *C*~t~-values were converted to DNA concentrations as described previously ([@gks617-B24]) using the standard curve of corresponding primer set and normalized for input variations. Standard curve for each primer set was generated using serial dilutions of genomic DNA ([@gks617-B26]). The results were expressed as relative nucleosome occupancy.

Chromatin immunoprecipitation-qPCR assay
----------------------------------------

This was carried out as per the manufacturer's instructions (Upstate Biotechnology). The immunoprecipitated chromatin was purified using QIAquick PCR purification kit (Qiagen), and the eluted genomic DNA was subjected to SYBR green real-time qPCR with indicated primer sets ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Data obtained were normalized with input DNA and expressed as fold DNA enrichment over mock ([@gks617-B25]).

Nascent strand abundance assay by qPCR
--------------------------------------

The nascent strand abundance assay was performed according to Romero and Lee ([@gks617-B27]). The short nascent DNA strands were resolved by alkaline gel electrophoresis, isolated and quantitated by real-time qPCR using primers given in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1).

RNA isolation and quantitative RT-PCR assay
-------------------------------------------

Total RNA was isolated from cells using TRIzol reagent as per the supplier's instructions (Invitrogen). Reverse transcriptase--PCR (RT--PCR) was performed with M-MuLV reverse transcriptase (Fermentas) according to the manufacturer's guidelines. The real-time qPCR was carried out using specific primers ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)) as described previously ([@gks617-B28]).

Immunoprecipitation and western blot analysis
---------------------------------------------

The methods for immunoprecipitation (IP) and western blotting have been described earlier ([@gks617-B29]).

Methylation-sensitive restriction analysis
------------------------------------------

Genomic DNA digested with PmlI was quantitated by qPCR as described above using E-box primers ([@gks617-B30]). The results were expressed as percent PmlI uncut of each time point with reference to late G~1~ phase.

Methylation profiling by bisulfite sequencing
---------------------------------------------

The EZ DNA Methylation^TM^ Kit (Zymo Research) was used as per supplier's instructions for bisulfite treatment of genomic DNA isolated from G~0~ and G~1~ phases of HEK293 cells. The modified genome was subjected to PCR to amplify the lamin B2 origin-bearing E-box element using the following primer set: E-box BS-F 5′-gtagttagtgtaaataggatttagg-3′, E-box BS-R 5′-aaaaaaaaccctaacttaacc-3′. As a control, the untreated genomic DNA was subjected to PCR with the following primer set to amplify the same region of origin: E-box F 5′-aacaggacccaggcgatg-3′, E-box R2 5′-ctgccgttacctacacgagctac-3′. The eluted PCR product was cloned into pGEM-T Easy vector (Promega) according to the manufacturer's protocol. Plasmid DNA from individual clones was sequenced using 3730xl DNA analyzer (Macrogen Inc.).

Detection and quantitation of 5-hmC by qPCR
-------------------------------------------

The Quest 5-hmC Detection Kit™-Lite (Zymo Research) was used for a sequence-specific detection of 5-hydroxymethylcytosine (5-hmC) as per supplier's instructions. Briefly, DNA extracted from each time point was treated with 5-hmC glucosyltransferase (GT). This enzyme specifically adds a glucose moiety only to 5-hmC but not to 5-methylcytosine (5-mC) to yield glucosyl-5-hydroxymethylcytosine (glucosyl-5-hmC). Exploitation of restriction enzymes that possess sensitivity to glucosyl-5-hmC could facilitate the effective distinction of 5-hmC from 5-mC pool. This is due to their efficiency to cleave only 5-mC and 5-hmC but not the modified glucosyl-5-hmC. As a result only the modified 5-hmC would be amplified by the downstream qPCR. Because GlaI restriction enzyme ('ACGT') is specific for E-box element (C[ACGT]{.ul}G), we performed GlaI digestion of each sample either before or after the treatment with GT as described by supplier's protocol. After digestion, the spin column DNA clean-up procedure was used to elute the DNA and subjected to SYBR green real-time qPCR with E-box primer. The results were expressed as 5-hmC level relative to G~0~ phase.

Electrophoretic mobility shift assay
------------------------------------

For showing specific complex formation of c-Myc with lamin B2 E-box *in vitro*, nuclear extract was prepared from HEK293 cells transfected with either vector control or Myc shRNA (M-T). Nuclear extracts (15 µg) were incubated with 50 fmoles of radiolabeled double-stranded lamin B2 E-box oligo in binding buffer (10 mM Tris--HCl (pH 7.5), 1 mM MgCl~2~, 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 mM NaCl, 4% glycerol and 0.1% Nonidet P-40) along with 0.25 µg of poly (dI:dC) for 60 min on ice ([@gks617-B28]). The free and protein-bound oligonucleotide probes were separated by electrophoresis on 5% polyacrylamide gel. Subsequently, the gels were dried and the bands were visualized by Typhoon scanner. For methylation sensitive assay, the consensus and lamin B2 E-box oligos ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)) were methylated by dimethyl sulphate treatment for 5 min, and the binding reactions were carried out with 10 µg of nuclear extract as described above.

Flow cytometry (fluorescence-activated cell sorting)
----------------------------------------------------

Flow cytometry of HEK293 and HeLa cells was performed as described previously ([@gks617-B29]), and the analysis of FACS data was done manually.

Statistical analysis
--------------------

Data were expressed as mean ± SD. Means were compared by one-factor analysis of variance followed by Fisher protected least significant difference to assess specific group differences. Data were considered significant at *P* \< 0.05 and highly significant at *P* \< 0.01.

RESULTS
=======

c-Myc recruitment to TIMM 13 promoter does not induce *TIMM 13* gene expression
-------------------------------------------------------------------------------

Recent large-scale studies have elucidated the interplay between the two fundamental nuclear processes---DNA replication and transcription---by sharing common *cis*-regulatory elements ([@gks617-B31]). To better illustrate the functional significance of spatial overlapping between replicator and promoter, we initiated the locus-specific analysis at lamin B2 origin, which is located between 3′ UTR of *lamin B2* and promoter of *ppv1* (*TIMM 13*) genes ([@gks617-B32]). The organization of 1.2 kb human lamin B2 replicator along with canonical E-box element is shown schematically ([Figure 1](#gks617-F1){ref-type="fig"}A). *In vivo* genomic foot printing analysis of lamin B2 origin has suggested the binding of a cluster of transcription factors ([@gks617-B33]) and persistent binding of c-Myc through S phase was shown afterward ([@gks617-B34]). Nonetheless, the precise role of c-Myc in regulation of pre-RC formation is yet to be investigated ([@gks617-B35]). Our protein--DNA interaction studies by electrophoretic mobility shift assay (EMSA) confirmed c-Myc binding to lamin B2 E-box *in vitro*, and the specificity of interaction was ensured from impaired protein--DNA complex formation by RNA interference ([Figure 1](#gks617-F1){ref-type="fig"}B). Next, we analyzed the c-Myc occupancy of lamin B2 origin in different stages of G~1~-phased HEK293 cells ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Each stage of the cell cycle was monitored with the help of phase-specific molecular markers ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). As evident from the chromatin immunoprecipitation (ChIP) results, c-Myc recruitment to E-box region was specific to early G~1~ phase just as its dimerization partner Max ([Figure 1](#gks617-F1){ref-type="fig"}C). Further, like the endogenous c-Myc, Myc-ER chimera also bound to the E-box region on stimulation by tamoxifen in the HEK293-MycER^Tam^ cells ([Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Figure 1.Recruitment of c-Myc to TIMM 13 promoter and its role in the regulation of *TIMM 13* gene. (**A**) Schematic representation of 1.2 kb *lamin B2* origin (GenBank^TM^ accession number: M94363) flanked by *lamin B2* and *TIMM 13* genes*.* The OPR (3910--4007) marks the position of ORI region and the OBR indicates the origin of bidirectional replication. The position of Myc E-box binding element is represented along with the primers specific for ORI and E-box regions. (**B**) EMSA for showing specific complex formation (marked by arrow head) of lamin B2 E-box with nuclear extract of either vector control (VC) or Myc shRNA-transfected HEK293 cells. FP, free probe. (**C**) ChIP-qPCR analysis of HEK293 cells either starved or serum stimulated to show the recruitment kinetics of c-Myc and Max over IgG control. (**D** and **E**) qRT-PCR analysis to measure the ODC and TIMM 13 transcripts of either serum-stimulated HEK293 cells (D) or Tam induced (6 h) HEK293-MycER^Tam^ cells (E). Data shown in (C--E) are mean ± SD of three independent experiments. Number sign indicates statistically significant difference at *P* \< 0.01.

As c-Myc recruitment was observed in lamin B2 origin that overlaps with the promoter region of *TIMM 13* gene, next we asked whether *TIMM 13* gene was a transcriptional target of c-Myc. Our reverse transcriptase qPCR results showed the activation of ornithine decarboxylase (ODC) transcripts peaking at mid G~1~ phase following serum stimulation. However, unlike bona fide Myc target ODC, *TIMM 13* gene could not be activated by Myc ([Figure 1](#gks617-F1){ref-type="fig"}D). Further, these results could be recapitulated by both Tam induction of Myc-ER chimera ([Figure 1](#gks617-F1){ref-type="fig"}E) and enforced expression of c-Myc ([Supplementary Figure S1D](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Together, these results suggested that early G~1~ occupancy of c-Myc to lamin B2 origin was not involved in the stimulation of *TIMM 13* gene.

Myc recruitment during early G~1~ facilitates locus-specific loading of MCM proteins
------------------------------------------------------------------------------------

As Myc binding to lamin B2 was not associated with *TIMM 13* gene expression, we then speculated its role in the formation of pre-RC. We monitored the assembly of pre-RC components (ORC2, Cdc6, Cdt1 and MCM4 of MCM2-7 helicases) to the ORI region during early G~1~ phase. Although there was no much change in the enrichment of most factors during G~1~, MCM4 levels selectively peaked during mid-G~1~ and specified licensing of replication origin ([Figure 2](#gks617-F2){ref-type="fig"}A). When we extended our study till S phase, the chromatin occupancy of pre-RC components except ORC2 declined extensively in consistent with earlier reports ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). As a control, we used non-ORI LB2-P region (∼2.5 kb upstream from LB2 ORI), which did not show any enrichment of pre-RC components ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Next, we confirmed the involvement of c-Myc in the recruitment of pre-RC components by applying the Myc knockdown strategy. As expected, Myc occupancy of E-box region during early G~1~ phase was dramatically reduced ([Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Intriguingly, the c-Myc-silenced cells that were allowed to progress till mid-G~1~ phase showed no apparent change in the occupancy of early G~1~-specific replication proteins like ORC2 and Cdt1. However, the mid-G~1~-specific peak of MCM4 was selectively impaired on c-Myc knockdown ([Figure 2](#gks617-F2){ref-type="fig"}B) without affecting MCM4 levels ([Supplementary Figure S2D](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). To further confirm the Myc-dependent MCM4 loading, we performed ChIP assay in HL-60 cells that carry nearly 15--30-fold genomic amplification of c-Myc locus ([@gks617-B36]). The recruitment of Myc was seen only in proliferating cells but not in replication-ceased differentiated cells. As the levels of Myc recruitment to LB2 ORI region reduced on differentiation, the loading of MCM4 also reduced significantly ([Figure 2](#gks617-F2){ref-type="fig"}C). These results imply that the early G~1~ occupancy of Myc to E-box region may trigger a downstream relay event involving mid-G~1~-specific MCM4 loading to lamin B2 origin. Figure 2.Myc occupancy and kinetics of MCM4 helicase loading at lamin B2 origin. (**A**) ChIP-qPCR analysis of G~1~-staged HEK293 cells showing the recruitment kinetics of indicated proteins over IgG control for LB2 ORI region. (**B**) Recruitment kinetics measured by ChIP-qPCR for ORC2, Cdt1 and MCM4 proteins during mid-G~1~ phase of HEK293 cells transfected either with vector control or Myc shRNA. (**C**) ChIP-qPCR analysis of either proliferating or differentiating HL-60 cells showing the fold DNA enrichment of Myc, ORC2 and MCM4 proteins. Data shown are mean ± SD of three independent experiments. The asterisk and number signs indicate statistically significant difference at *P* \< 0.05 and *P* \< 0.01, respectively.

To know whether 'E-box' element (CACGTG) was essential for Myc-dependent MCM4 loading, the Myc recruitment to lamin B2 (having E-box element) and MCM4 origin (lacking E-box element) was analyzed by ChIP-qPCR using inducible Myc-ER^Tam^. As shown in [Figure 3](#gks617-F3){ref-type="fig"}A, Myc binding to LB2 ORI peaked within 4 h of Tam induction followed by a progressive increase in MCM4 loading. Note that under these conditions, no Myc recruitment or increase in the basal loading of MCM4 was observed at MCM4 ORI ([Figure 3](#gks617-F3){ref-type="fig"}B). Interestingly, the LB2 ORI and E-box regions show almost equal enrichment for c-Myc occupancy ([Figure 3](#gks617-F3){ref-type="fig"}A and [Supplementary Figure S1C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)) due to their close proximity at lamin B2 origin. Further, like endogenous Myc ([Figure 2](#gks617-F2){ref-type="fig"}A), Myc-ER^Tam^ had no influence over ORC2 recruitment ([Figure 3](#gks617-F3){ref-type="fig"}A). Thus, pre-occupancy of c-Myc seems to trigger subsequent loading of MCM helicases and seems to be a locus-specific event regulated through E-box. Figure 3.Locus-specific loading of MCM4 helicase protein in the presence of c-Myc. (**A** and **B**) HEK293-MycER^Tam^ cells were induced for the indicated time points, and fold DNA enrichment of c-Myc, ORC2 and MCM4 over IgG control was measured for either LB2 ORI (A) or MCM4 ORI (B) by ChIP-qPCR. (**C** and **D**) The nascent DNA template of 1.0 kb (C) and 1.5 kb (D) were isolated from either vector control or Myc shRNA transfected HEK293 cells and subjected to qPCR with indicated primers. The values obtained were normalized with non-ORI primer amplification. MCM4 ORI was used as positive control. Data shown are mean ± SD of three independent experiments. The asterisk and number sign indicate statistically significant difference at *P* \< 0.05 and *P* \< 0.01, respectively.

As the loading of MCM complex specifies the licensing of origin, then we used the nascent strand abundance assay ([@gks617-B27]) to demonstrate the Myc-dependent origin activation. The nascent DNA strands of 1.0 kb ([Figure 3](#gks617-F3){ref-type="fig"}C) and 1.5 kb size ([Figure 3](#gks617-F3){ref-type="fig"}D) were isolated from the cells transfected with either control or Myc shRNA, and their relative abundance was determined by qPCR using primer pairs corresponding to LB2 ORI, MCM4 ORI and non-ORI LB2-P regions. As shown in [Figure 3](#gks617-F3){ref-type="fig"}C and D, the nascent strands were five to seven times more abundant for the LB2 ORI and MCM4 ORI regions than for the non-ORI LB2-P region. Further, c-Myc silencing abrogated the nascent strand abundance of LB2 ORI but not that of MCM4 ORI. As a control, the MCM4 non-ORI region (∼4.0 kb downstream to MCM4 ORI) was also studied, which did not show any enrichment of nascent strands ([Supplementary Figure S2E](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Thus, these results corroborated our earlier observation that the origin regulatory function of c-Myc is locus specific and controlled by the E-box element present in lamin B2 origin.

The lamin B2 origin is nucleosomal during early G~1~ and is remodeled following c-Myc recruitment
-------------------------------------------------------------------------------------------------

Because binding of transcription factors to '*cis*' elements is well known to signal a cascade of events that facilitate gene expression ([@gks617-B37]), we wondered whether Myc-mediated chromatin remodeling was the underlying mechanism of MCM loading. To address this, we first analyzed the nucleosomal status of LB2 ORI and E-box regions by MNase-Southern assay using nuclei isolated from the nutrient-deprived and serum-stimulated cells. The partially digested nuclei showed a physiologically spaced nucleosomal ladder of DNA fragments with ∼160 bp periodicity ([@gks617-B38]) when hybridized with the LB2 ORI probe ([Figure 4](#gks617-F4){ref-type="fig"}A), whereas the complete MNase digestion showed positioned mononucleosomes in Southern blot ([Figure 4](#gks617-F4){ref-type="fig"}B). Because beads-on-string nucleosome array was observed at LB2 ORI, we analyzed the nucleosomal status of adjacent E box region and found this also to be nucleosomal ([Figure 4](#gks617-F4){ref-type="fig"}C and D). Although MNase-Southern assay provided some insight into the nucleosomal status of lamin B2 origin, the quantitative data on chromatin remodeling were obtained using MNase CHART-PCR assay ([@gks617-B24]). When G~0~ cells were stimulated with serum, the nucleosomes assembled on LB2 ORI and E-box regions underwent an enhanced remodeling during early to mid-G~1~ progression and again re-assembled by late G~1~ phase ([Figure 4](#gks617-F4){ref-type="fig"}E). The corresponding raw dataset of CHART-PCR amplification obtained using LB2 ORI and E-box primers has been shown in [Supplementary Figures S3A](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1) and [B](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1). This temporally regulated nucleosome remodeling was abolished when c-Myc was down-regulated by shRNA ([Figure 4](#gks617-F4){ref-type="fig"}F and [Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). These results suggest the role of early G~1~-specific c-Myc recruitment in triggering the nucleosome remodeling during early to mid-G~1~ phase to facilitate MCM4 loading. Figure 4.Nucleosome assembly of lamin B2 origin and its remodeling mediated by c-Myc recruitment. (**A--D**) HEK293 cells either starved or serum-stimulated were subjected to MNase-Southern assay. Ethidium bromide stained gel (left) and the corresponding hybridized blot (right) with probes LB2 ORI (A and B) and E-box (C and D) showing either the nucleosome array generated by partial MNase digestion (A and C) or mononucleosomal DNA obtained after complete MNase digestion (B and D). M-DNA marker lane. (**E**) MNase CHART-PCR analysis of HEK293 cells at different phases of cell cycle for both LB2 ORI and E-box regions. (**F**) HEK293 cells transfected with either vector control or Myc shRNA were subjected to MNase CHART-PCR analysis during G~1~ phase. Data shown in (E and F) are mean ± SD of three independent experiments. The asterisk and number sign indicate statistically significant difference at *P* \< 0.05 and *P* \< 0.01, respectively.

When proliferating cells enter into the quiescent state (G~0~), they gradually lose their replication licensing capacity. However, their licensing competency can be reversed during G~0~--G~1~ transition by serum stimulation ([@gks617-B39]). So, we next asked whether the chromatin remodeling observed at lamin B2 origin was exclusive to cells released from quiescent state or otherwise. To address this, mitotic shake-off was performed by re-seeding the M phase-arrested HeLa cells with fresh medium. The M to G~1~ transiting cells were harvested at different stages of G~1~ phase ([Supplementary Figure S3C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)) and were subjected for MNase CHART-PCR analysis. Each stage of G~1~ phase synchronization was ensured by monitoring cell cycle phase-specific markers ([Supplementary Figure S3D](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). The CHART-PCR analysis of mononucleosomes isolated from M-G~1~ transiting cells also showed chromatin remodeling of LB2 ORI and E-box regions during mid-G~1~ phase ([Supplementary Figure S3E](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Thus, the M-G~1~ transiting cells followed a remodeling kinetics similar to that of G~0~--G~1~ transiting cells. Together, these results suggested that c-Myc-dependent accessibility of chromatin at mid-G~1~ phase may be the underlying molecular mechanism associated with the loading of MCM complex.

c-Myc-mediated mid-G~1~ nucleosome remodeling involves hyperacetylation of histone H4
-------------------------------------------------------------------------------------

As HATs are critical for nucleosome remodeling, then we analyzed the occupancy of nuclear HATs at lamin B2 origin. Among the HAT complexes, major forms in human are GCN5/PCAF, Tip60 and HBO1. The GCN5 subclass of GNAT-acetyl transferases are represented by two closely related proteins, GCN5 and p300/CBP-associated factors. The MYST family of HATs includes Tip60 and HBO1 ([@gks617-B40]). To understand the role played by these HAT complexes in the nucleosome remodeling, we used ChIP-qPCR to study the occupancy of GCN5, p300, HBO1 and TRRAP (the large subunit of Tip60 complex) on LB2 ORI region. As shown in [Figure 5](#gks617-F5){ref-type="fig"}A, GCN5 did not seem to be involved in chromatin remodeling, whereas p300 was recruited exclusively during early G~1~ phase, and TRRAP occupancy was observed only at late G~1~ phase. Interestingly, HBO1 recruitment was observed throughout the G~1~ phase with a mid-G~1~ peak and appeared to be in concert with nucleosome remodeling of lamin B2 origin ([Figure 5](#gks617-F5){ref-type="fig"}A). Neither HBO1 nor other HATs were enriched on non-ORI LB2-P control region ([Supplementary Figure S4A](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Analysis of histone tail modifications revealed no H3K9 acetylation (Ac), whereas tetra-acetylation of histone H4, that is K5, K8, K12 and K16, was observed throughout G~1~ phase with a peak at mid-G~1~ phase ([Figure 5](#gks617-F5){ref-type="fig"}B). The mid-G~1~ HBO1 occupancy and histone H4 hyperacetylation are consistent with the fact that this acetylation is dependent on HBO1 ([@gks617-B41]). Interestingly, a significant enrichment of histone H3K4 trimethylation (H3K4me3) mark was also observed ([Figure 5](#gks617-F5){ref-type="fig"}B) at ORI region. In contrast, no significant histone tail modifications were observed at non-ORI LB2-P control region ([Supplementary Figure S4B](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Note that as c-Myc knockdown impaired chromatin remodeling of lamin B2 origin, we also observed the abolishment of HBO1 recruitment and histone H4 hyperacetylation under the same conditions ([Figure 5](#gks617-F5){ref-type="fig"}C). However, the expression levels of HBO1 remained unaffected on c-Myc silencing ([Supplementary Figure S4C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Thus, an increased accessibility of chromatin during mid-G~1~ phase seems to be the consequence of Myc-dependent hyperacetylation relay event that could specify the licensing of lamin B2 origin. Figure 5.Kinetics of acetylase recruitment and histone tail modifications at lamin B2 origin. (**A** and **B**) The G~0~/G~1~-staged HEK293 cells were subjected to ChIP-qPCR, and the fold DNA enrichment of LB2 ORI region over IgG control was measured for GCN5, p300, HBO1 and TRRAP proteins (A) as well as for histone H3 K9Ac, H4 tetra-Ac and H3 K4me3 (B). (**C**) ChIP-qPCR showing the HBO1 recruitment and histone H4 tetra-Ac during mid G~1~ phase of HEK293 cells transfected either with vector control or Myc shRNA. (**D** and **E**) HEK293-MycER^Tam^ cells were induced for the indicated time points and fold DNA enrichment of HBO1, and histone H4 tetra-Ac over IgG control was measured by ChIP-qPCR for both LB2 ORI (**D**) and MCM4 ORI (**E**). Data shown are mean ± SD of three independent experiments. The asterisk sign indicates statistically significant difference at *P* \< 0.05.

Next, we investigated whether Myc-mediated replication licensing was locus specific or a global event, by comparing the Myc-dependent downstream relay events at both LB2 ORI and MCM4 ORI. On induction of Myc-ER^Tam^, the HBO1 recruitment and histone H4 hyperacetylation peaked within 8 h at LB2 ORI ([Figure 5](#gks617-F5){ref-type="fig"}D), whereas only a basal recruitment of acetylase and acetylated status was observed at MCM4 ORI until 12 h ([Figure 5](#gks617-F5){ref-type="fig"}E). Besides just as LB2 ORI, the E-box region also showed the enrichment of HBO1 and histone H4 hyperacetylation that peaked during 8 h of Myc-ER induction by Tam ([Supplementary Figure S4D](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Altogether, these results implied that the 'E-box' element in lamin B2 origin is critical for origin licensing via Myc-dependent histone H4 hyperacetylation relay events.

The histone methylase mixed-lineage leukemia 1 (MLL1) interacts with c-Myc and specifies the Myc-dependent hyperacetylation relay events
----------------------------------------------------------------------------------------------------------------------------------------

As c-Myc occupancy of lamin B2 origin favored the recruitment of HBO1, we speculated a direct interaction between the two proteins. However, this possibility was ruled out as our IP studies consistently showed the Myc interaction with its dimerization partner Max but not HBO1 ([Figure 6](#gks617-F6){ref-type="fig"}A). According to a recent report, HBO1 exists in two forms with respect to methylation status of histone H3K4 ([@gks617-B42]). When in complex with ING5 proteins, the HAT activity of HBO1 is greatly stimulated by H3K4me3 mark owing to the higher affinity of ING PHD fingers for the trimethylation signature ([@gks617-B43]). Accordingly, we also observed a synergy between histone H3K4me3 mark at LB2 ORI and HBO1 recruitment followed by histone H4 hyperacetylation ([Figure 5](#gks617-F5){ref-type="fig"}A and B) during G~1~ phase. Thus, it is likely that the H3K4me3 mark observed at LB2 ORI promotes the recruitment of HBO1. Figure 6.Kinetics of MLL1 occupancy at lamin B2 origin and its interaction with c-Myc. (**A** and **C**) Cell extracts prepared from HEK293 cells transfected with either PCGN or PCGN-Myc expression plasmids were proceeded for IP with mouse monoclonal anti-c-Myc antibody followed by western blotting for HBO1, MLL1 and Max (used as positive control). One-tenth of the cell extract was also probed for total HBO1, MLL1, c-Myc and GAPDH. Single and double asterisks indicate the expression of either endogenous or HA-tagged c-Myc, respectively. (**B** and **D**) Fold DNA enrichment of MLL1 over IgG control was measured by ChIP-qPCR for both LB2 ORI and E-box regions of either G~0~/G~1~ transiting HEK293 cells (B) or vector control and c-Myc shRNA transfected HEK293 cells (D). Data shown in (B) and (D) are mean ± SD of three independent experiments. The asterisk and number signs indicate statistically significant difference at *P* \< 0.05 and *P* \< 0.01, respectively.

As the H3K4me3 mark at lamin B2 origin seems to play an important role in origin licensing, next we addressed the underlying mechanism of establishment of this mark. Our kinetic study for the occupancy of mixed-lineage leukemia 1 (MLL1) histone methyl transferase showed an exclusive enrichment on both LB2 ORI and E-box regions during early G~1~ phase ([Figure 6](#gks617-F6){ref-type="fig"}B), whereas the non-ORI LB2-P control region has failed to do so ([Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Interestingly, the contemporaneous occupancy of MLL1 and c-Myc proteins on the origin was confirmed by IP blotting studies that showed a direct interaction between the two proteins ([Figure 6](#gks617-F6){ref-type="fig"}C). Next we probed whether H3K4me3 signature was a cause or consequence of Myc binding. As shown in [Figure 6](#gks617-F6){ref-type="fig"}D and [Supplementary Figure S5B](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)*,* both MLL1 recruitment and H3K4me3 mark for ORI and E-box regions were abolished on Myc silencing. However, the MLL1 expression remained unaffected during Myc knockdown ([Supplementary Figure S5C](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Note that Myc-dependent recruitment of MLL1 is observed only during early G~1~ phase ([Figure 6](#gks617-F6){ref-type="fig"}B), whereas the MLL1-specific H3K4me3 mark showed its peak during mid-G~1~ phase ([Figure 5](#gks617-F5){ref-type="fig"}B). These results clearly indicated that MLL1-specific H3K4me3 mark is a consequence of c-Myc recruitment.

To better understand the sequential order of molecular events at both ORI and E-box regions, we performed kinetic studies with closer time points while chasing early to mid-G~1~ phases. As showed in [Supplementary Figure S5D](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1) and [E](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)*,* the MLL1 recruitment peaked during post-early G~1~ phase was followed by an overlapping kinetics of H3K4me3 mark. As cells progressed to mid-G~1~ phase, there was no MLL1 occupancy, because it was c-Myc dependent. However, the H3K4me3 mark was persistent until mid-G~1~ phase, suggesting that once it is established, the methyl transferase activity is no longer required. Further, as stated earlier, the H3K4me3 mark established is likely to promote the peak of HBO1 recruitment during mid-G~1~ phase. Thus, our results suggest that the direct interaction of c-Myc and MLL seems to regulate the downstream histone cross talk events that specify the origin licensing.

Epigenetic control of E-box element signals the temporally programmed licensing of lamin B2 origin
--------------------------------------------------------------------------------------------------

From the preceding results, we wondered whether E-box-mediated licensing of lamin B2 origin could be true for other origins as well. To address this, we performed 'Short Match' search for the E-box element 'CACGTG' in the 283 human origins mapped recently by genome-wide high-throughput studies using ENCODE consortium ([@gks617-B17]). *In silico* analysis of these origins revealed that ∼43% of origins possess E-box element ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). However, the regulation of origins by c-Myc occupancy could be under the tight temporal control as evident from ChIP-on-chip data reported recently ([@gks617-B44]). To further elucidate the molecular underpinnings of temporally programmed c-Myc occupancy, we used methylation-sensitive restriction analysis (MSRA) for the E-box element as it is well known that methylated E-box (mE-box) could not recruit c-Myc. Further, if E-box is unmethylated, it can be cut by PmlI restriction enzyme, whereas mE-box is insensitive to cleavage ([@gks617-B30]). Thus, percent uncut DNA by PmlI should be directly proportional to mE-box. The MSRA of E-box region suggested an exclusive active demethylation event during early G~1~ phase ([Figure 7](#gks617-F7){ref-type="fig"}A) coinciding with c-Myc occupancy ([Figure 1](#gks617-F1){ref-type="fig"}C). Figure 7.Epigenetic control of E-box element of lamin B2 origin during cell cycle. (**A**) MSRA-qPCR analysis of lamin B2 E-box region during G~0~ and G~1~ phases of HEK293 cells by PmlI digestion. (**B**) EMSA was performed to show the specific complex formation (indicated by arrow head) by incubating asynchronous nuclear extract of HEK293 cells with radiolabeled consensus and lamin B2 E-box probes either unmethylated (E-box) or methylated (mE-box). (**C** and **D**) HEK293 cells either untreated or treated with RG108 were harvested at G~0~ and G~1~ phases and subjected to the following experiments. MSRA-qPCR analysis was performed by PmlI digestion (C). ChIP-qPCR was performed with E-box primer to measure the c-Myc occupancy over IgG control during G~0~ and G~1~ phases of HEK293 cells (D). (**E**) ChIP-qPCR was performed with E-box primer to measure the TET2 and TDG occupancy over IgG control during G~0~ and G~1~ phases of HEK293 cells. (**F**) The DNA extracted from each time point was subjected to GlaI digestion either before or after the treatment with glucosyl transferase, and the relative 5-hmC levels were quantified by qPCR with E-box primer. Except (**B**), the rest are shown as mean ± SD of three independent experiments. The asterisk and number signs indicate statistically significant difference at *P* \< 0.05 and *P* \< 0.01, respectively.

Next, we carried out *in vitro* E-box binding by EMSA to confirm the methylation sensitivity of c-Myc occupancy as it is reported earlier that c-Myc does not bind mE-box ([@gks617-B45]). Our EMSA results clearly indicated that c-Myc binding to both consensus and lamin B2 E-box was abolished when E-box was methylated ([Figure 7](#gks617-F7){ref-type="fig"}B). To confirm whether the genomic occupancy of c-Myc was also influenced by methylation status of E-box, we used a specific DNMT inhibitor RG108 that targets its catalytic domain ([@gks617-B46]). RG108 treatment of cells rescued the unmethylated state of E-box throughout the G~1~ phase ([Figure 7](#gks617-F7){ref-type="fig"}C) that allowed persistent occupancy of c-Myc ([Figure 7](#gks617-F7){ref-type="fig"}D).

More recently, active DNA demethylation is reported in somatic cells at specific genomic loci in response to inducible signals and further studies unearthed the involvement of oxidases of the TET family or deaminases of the AID/APOBEC family. The catalytic activity of TDG is required downstream to deaminase-catalyzed conversion of 5-mC into thymine and/or TET-mediated 5-hydroxyl methyl cytosine (5-hmC) into 5-hmU ([@gks617-B47]). Interestingly, our *in vivo* kinetic study suggested the occupancy of TET2 followed by TDG in the active DNA demethylation of E-box during G~0~ to early G~1~ phase ([Figure 7](#gks617-F7){ref-type="fig"}E). As a control, the MCM4 ORI lacking E-box showed neither TET2 nor TDG occupancy ([Supplementary Figure S5F](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). TET2 is known for the oxidation of 5-mC to 5-hmC, which is the first step toward TET-mediated active DNA demethylation. Indeed, we also observed the kinetic coherence between TET2 occupancy with immediate downstream peak of 5-hmC ([Figure 7](#gks617-F7){ref-type="fig"}E and F). Together, these results suggest the role of TET and TDG pathway in cell cycle regulated active demethylation of E-box element.

Because active demethylation acted as an epigenetic control of E-box element that ultimately drove the licensing of lamin B2 origin, we next examined the methylation profile of E-box region by bisulfite sequencing using genomic DNA isolated from G~0~ and early G~1~ phase cells. As shown in [Figure 8](#gks617-F8){ref-type="fig"}, the methylated E-box observed during G~0~ phase underwent a demethylation event during early G~1~ phase as evident from the conversion of 'CG' to 'TG' after bisulfite treatment. Intriguingly, this demethylation event appeared exclusive to E-box because the adjacent CGs were not converted to TGs under similar conditions ([Figure 8](#gks617-F8){ref-type="fig"} and [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1)). Hence, *in vivo* methylation profiling of lamin B2 origin by bisulfite sequencing corroborated our earlier observations of MSRA and TET--TDG--BER pathway-mediated active DNA demethylation. Further, methylation profiling indicates that E-box is epigenetically controlled by dynamic cycles of methylation and demethylation, which apparently controls the licensing of lamin B2 origin through a temporally programmed Myc-dependent downstream relay events. Figure 8.Methylation profiling of lamin B2 origin bearing E-box element. The genomic DNA isolated from G~0~ and G~1~ phases of HEK293 cells were processed for bisulphite (BS)-mediated base conversion as described in Materials and Methods, and DNA sequence information was obtained. The native DNA sequence (before BS treatment) corresponding to lamin B2 origin encompassing E-box (top: nucleotide 4179 to 4202, GenBank^TM^ accession number: M94363) was compared with sequence data of modified lamin B2 origin (after BS treatment). The unmethylated cytosines (Cs) got converted to Thymines (Ts) on BS treatment and marked as '+', whereas the methylated Cs remained unchanged due to resistance to such conversion. The methylated CpG is denoted by upward triangle (blue). As cells progressed from G~0~ to early G~1~ phase~,~ the E-box region (green box flanked by dotted lines) underwent a demethylation event (downward triangle in red) confirming the demethylated status of this CpG.

DISCUSSION
==========

Myc preferentially associates with sites in genomic DNA with a high CpG dinucleotide content, which is called as CpG islands ([@gks617-B48]). CpG islands are generally associated with promoters that are transcriptionally active ([@gks617-B49]), and active promoters are typically overlapped with early replicating origins ([@gks617-B50]). Coalescence of these facts hints that early firing origin can be specified by binding of c-Myc where the molecular underpinnings are unclear. However, based on our work, a new model can be proposed that accurately depicts the molecular mechanisms by which c-Myc occupancy regulates the early replicating origin ([Figure 9](#gks617-F9){ref-type="fig"}). When cells are arrested at G~0~, methylated E-box of lamin B2 origin recruits the DNA demethylase TET2. Subsequently, the oxidation of 5-mC to 5-hmC predominates to set out the TET--TDG--BER pathway of active DNA demethylation. As cells progress through early G~1~, TDG being recruited to origin that denotes the removal of methylation mark on E-box, which ultimately favors the c-Myc occupancy. Concurrently, the pre-RC components including ORC, Cdc6 and Cdt1 are recruited to the ORI region during early G~1~ phase; however, the loading of MCM helicases is hindered by nucleosome assembly. The c-Myc occupancy during early G~1~ phase favors the recruitment of histone H3K4 methylase MLL1 during the same time window and imparts the H3K4me3 mark at the origin. As cells progressed to mid-G~1~ phase, the histone H3K4me3 mark promoted the binding of HBO1 acetylase and facilitated histone H4 hyperacetylation. By this time, the E-box switches to methylated state and strips off c-Myc and the associated MLL1 from the origin, whereas the c-Myc-induced hyperacetylation favors nucleosome remodeling that facilitates the loading of MCM proteins. Together, the temporally programmed epigenetic modification of E-box involving TET--TDG--BER pathway seems to drive the Myc-dependent cross-talk of histone modifications that specifies the licensing of lamin B2 origin. Figure 9.Model depicting the molecular underpinnings of lamin B2 origin licensing. Cell cycle regulated active DNA demethylation involves TET2 and TDG pathway that signals the occupancy of c-Myc to demethylated E-box during early G~1~ phase. The subsequent Myc-dependent cross talk of histone modifications during mid G~1~ phase favors the remodeling of nucleosomes at the origin and specifies its licensing by facilitating the loading of MCM proteins.

As many potential origins are set between the end of mitosis and early G~1~ phase, the replication origin decision point in mid-G~1~ phase selects the origins to be used for subsequent firing event ([@gks617-B39]). Loading of MCMs during mid-G~1~ phase is considered to be the first step toward the specification of origins that undergo subsequent firing ([@gks617-B51]). Extrapolation of these facts with our kinetic studies could help to set out the hypothesis that Myc-dependent loading of MCM complex to origins is a finely tuned temporal program which may confer the early replication timing of these origins. Intriguingly, the temporal regulation of Myc-dependent MCM loading, in turn, is controlled by epigenetic modifications of E-box ([Figures 7](#gks617-F7){ref-type="fig"} and [8](#gks617-F8){ref-type="fig"}) suggesting the possible role of DNA demethylases and DNMTs in specifying the early firing origins. Consistently, cell cycle-regulated expression of DNMTs has been reported recently ([@gks617-B52]). However, it is likely complex to explore the hierarchy of DNMTs in the epigenetic regulation of lamin B2 origin due to their dual role in both DNA methylation and demethylation. Further studies are required in near future to characterize the DNA methylases that act on lamin B2 origin.

Recent findings have raised the possibility that regulation by DNA methylation may be quite dynamic rather being static ([@gks617-B47]) that led to the emergence of enzymes capable of mediating DNA demethylation in mammalian cells ([@gks617-B53]). The involvement of DNA demethylation under certain conditions such as extrinsic signals, in early stages of development and in highly specialized post-mitotic cells has been reported recently. Active DNA demethylation has been studied as a rapid response to signal transduction in interleukein-2 stimulation of T lymphocytes ([@gks617-B54]) and estrogen stimulation of breast cancer cells ([@gks617-B55],[@gks617-B56]). As active DNA demethylation is considered to play a major role in gene transcription, our study explores its novel role in the regulation of replication origin. Because TET and AID/APOBEC enzymes have been recently identified as active regulators of DNA demethylation along with TDG, BER glycosylases ([@gks617-B57; @gks617-B58; @gks617-B59]), it is important to investigate their role in origin licensing. Our kinetic studies on lamin B2 origin suggested TET2-mediated oxidation of 5-mC to 5-hmC and the downstream TDG-base excision repair (BER) pathway in the active demethylation of E-box ([Figure 7](#gks617-F7){ref-type="fig"}E and F). Further, this report is the first in declaring the role of cell cycle-regulated epigenetic changes in DNA replication in contrast to the conventional differentiation-induced epigenetic control of gene transcription.

A recent report has suggested serum-induced hyperacetylation of histone H4 and HBO1 recruitment at MCM4 ORI ([@gks617-B10]). However, we did not observe a Myc-dependent hyperacetylation relay event at the MCM4 ORI that lacks an E-box element. Nevertheless, this implied that origin licensing mediated by hyperacetylated histone H4 is a global event stimulated by mitogens but the effector molecules transducing the mitogenic cues to replication origins are locus specific and perhaps regulated by '*cis*' elements present in the origins. Accordingly, MCM4 ORI has binding sites for many transcription factors including E2F ([@gks617-B60]), which may confer the hyperacetylation of this ORI just as c-Myc does to LB2 ORI. Further, in this study, we also found that c-Myc interacts with MLL1 protein to regulate the down-stream events. Consistent with this observation, the association of c-Myc with menin, a subunit of MLL1 methyltransferase, has already been reported ([@gks617-B61]). Besides, c-Myc may interact with MLL1 via p300/CBP complex as the latter also shows a binding kinetics similar to c-Myc ([Figures 1](#gks617-F1){ref-type="fig"}C and [5](#gks617-F5){ref-type="fig"}A). In support of this view, the interaction between c-Myc and p300 ([@gks617-B62]) as well as CBP and MLL ([@gks617-B63]) have been reported earlier.

It is now well established that Cdt1 functioning requires chromatin remodeling activity, which is achieved by its interaction with HBO1 ([@gks617-B10]). Herein, we show yet another mechanism of HBO1 recruitment to origins involving Myc-specific E-box element. Thus, it is possible to achieve HBO1 targeting to chromatin by different complex formation and perhaps in specific chromatin context. Consistent with this, the H3K4me3 mark not only favors HBO1 recruitment ([@gks617-B42]) but also c-Myc binding ([@gks617-B64]). Future studies in this line may shed light on the characteristics of precise HBO1--HAT complexes involving in the regulation of replication origin activity. Besides, the role of other MYST HATs like Tip60 needs further investigation as this could be involved in the later stages of origin activation but not during the licensing step ([Figure 5](#gks617-F5){ref-type="fig"}A).

It is well known that Myc recruits distinct complexes to specific subsets of genomic targets and probably different complexes depending on the specific cellular context ([@gks617-B65]). In this view, this study not only elucidates a novel epigenetic control mechanism for Myc-mediated chromatin modifications and replication licensing but also paves the way for exploring the involvement of other effector molecules that causally link mitogenic signaling to locus-specific replication initiation.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gks617/DC1) are available at NAR Online: Supplementary Tables 1--4 and Supplementary Figures 1--6.

FUNDING
=======

International Centre for Genetic Engineering and Biotechnology, New Delhi; Senior Research Fellowships from Indian Council of Medical Research, New Delhi (to M.S.) and Council of Scientific and Industrial Research, New Delhi (to A.K.S.). Funding for open access charge: Extramural research \[BT/PR133228/MED/29/157/2009\] from the Department of Biotechnology, Government of India.

*Conflict of interest statement*. None declared.

Supplementary Material
======================

###### Supplementary Data

The authors thank Dr William P. Tansey (Cold Spring Harbor Laboratory) for the generous gift of pCGN-Myc expression vector and Dr. Madhulika Srivastava (National Institute of Immunology, New Delhi) for designing bisulphite sequencing experiments. Ravinder Kumar helped in cell culture work.
